Horizontal-to vertical-spectral ratios using ambient noise (HVNSR) are commonly used in site effects studies.
Introduction
Time variations of the ambient noise spectral amplitude are frequency dependent. At high frequencies (f>1Hz), ambient noise originates from cultural sources and is microtremor. It usually follows a daily and weekly spectral cycle (Okada, 2003; Bonnefoy-Claudet et al., 2006) . Around 1Hz wind and local meteorological conditions affect the spectral content of noise (Withers et al., 1996; Wilcock et al., 1999; Cara et al., 2003) . At frequencies smaller than 1 Hz, amplitude variations of noise are usually very regular; they are due to natural sources, such as large-scale meteorological activities and oceans (Yamanaka et al., 1993; Friedrich et al., 1998; Dolenc and Dreger, 2005) . In this case, the noise is called microseism.
Both microtremor and microseism are commonly and extensively used in site effects and microzoning studies, through the horizontal-to-vertical-spectral ratio technique applied to noise recordings (HVNSR hereinafter), also known as the Nakamura method (Nakamura, 1989) . The main advantages of the HVNSR method are its low cost and short duration of measurements. The frequency of the main peak of HVNSR, if any, is considered to be a good approximation of the resonance frequency of the site. Knowing the mean S-wave velocity of the sediments, it is possible to evaluate the thickness or vice versa. However, this approach does not take into account the origin of noise. Moreover, reproducibility and reliability of HVNSRs with single shortduration measurements are not guaranteed. Repeating the measurements in different environmental conditions, hours of the day and seasons can overcome the problem. Obviously, this implies an increase of costs and time and makes the technique less attractive. Therefore, it is crucial to define how and to what extent the frequency and amplitude time variations of noise can influence the spectral ratios.
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This paper investigates the stability and reproducibility of HVNSR, by analyzing daily variations in the ambient noise field induced primarily by human activity. We analyzed three months of continuous recording at five stations installed at Cavola, a small village in north Apennines, Italy, set on an active landslide (Figure 1 ). This site experiences low-to-moderate but continuous seismicity that could be responsible for future reactivation of the landslide. The area is intensively used for agriculture; industrial activities are also present, in particular several ceramic factories operate at distances ranging from 800 meters up to few kilometres. The availability of such long ambient noise recordings in a small area allows investigation of spectral amplitude variations of microtremors and consequently of HVNSRs, taking into account the effect played by human activity. The identification of undesirable effects caused by industrial sources is not in general a complex task whenever source excitation is nearly harmonic and distinct from the HVSR peak related to the subsoil structure. We demonstrate that more insidious cases can exist where industrial activities excite a broad frequency band and modify the wavefield composition. If the site resonance peak falls inside the frequency band excited by industrial sources, the effects of these localized sources are not simple to distinguish: we were successful only because a long period of observations was available allowing comparison between different time periods. In addition to the long record, we also benefited from a 2D array able to determine the source direction, a task that is not trivial in a single station approach.
Site and Data
The study area lies in the northern Apennines, a fold and thrust belt which started forming during the Cretaceous age. Outcropping rocks in the area consist of fractured flysch and clayey melanges. In particular (Figure 1a) , the Monte Piano formation is a Middle-Late Eocene deep water pelagic marl which is covered by the Ranzano formation, a muddy and sandy turbidite of Late Eocene-Early-Oligocene age (Martelli et al., 1998; Mancin et al., 2006) . Outcropping units are covered by a major landslide, formed by ancient earth flows built by superposition of minor events during the rainiest periods of the Pleistocene and Holocene. Like the majority of the landslides in northern Apennines, the Cavola landslide consists of a large crown, a narrow channel and a large foot. It is about 4 km long and 60m thick at the foot. A more detailed discussion about geology and landslide features can be found in Bordoni et al. (2007) .
Aimed at studying the propagation of seismic waves through the Cavola landslide (Bordoni et al., 2007) , a dense 2D array (94 stations) was installed in a grid-like configuration (Figure 1c The size of array area is 130x56m. It is characterized by a complex morphology since part of it has a steep slope and part a flat surface. All the stations of the array but one (named P3) are on the landslide with the majority of them located on the dormant part (Figure 1 ). Station P3 was installed on the Monte Piano formation, few meters apart from the landslide. Four other stations were deployed outside the array area to study local amplification effects in the village.
In this study we analyze microtremor data for two stations of the array (G2 and P3) and for the three in the village that are located in the dormant part of the landslide (OR, CA and SC). Two other stations of the array (E2 and I2) are used to analyze the polarization characteristics of the noise wave-field in the vicinity of site G2.
Finally, the whole array is used to determine the azimuthal distribution of anthropic noise sources.
Landslide thickness at site G2 is about 25 meters, shear-wave velocities range in the 250-500m/s interval and are well constrained by down hole and multichannel surface wave data. Station G2 is located in a flat area of the landslide with a substantially 1D behaviour, as shown by Bordoni et al. (2007) . However, the overall landslide structure is quite complex: its behaviour along the longest 2D profile through the array is the subject of a separate paper (Bordoni et al., 2009 ). For stations OR, CA and SC landslide thickness is not well known but should be greater than 50 meters.
Data analyses and results
Microtremor data were analyzed with the HVNSR method (Nakamura, 1989) . Data were elaborated in SAC environment using the same procedures of the standard software released by the European Project SESAME (SESAME Project, 2001; WP03 of SESAME Project, Deliverable D09. 03, 2003) . However, the selection of stationary portions of the signal is not include in our code. Therefore we overcame transient effects using 120-seconds windows, and we omitted the earthquakes from HVNSR calculations. The main advantage of our code was the possibility of configuring it to automatically analyze a larger volume of time series data.
We evaluated both hourly and daily averages of HVNSR by means of 30 and 720 windows respectively. Each window of signal was detrended and 5% cosine tapered, FFT transformed and then smoothed using an arithmetic smoothing algorithm with a 0.3Hz running window. No filtering before FFT was applied. The two horizontal components spectra were combined into root-mean-square values before dividing them by the vertical component spectrum. Finally, the geometric means of the HVNSRs were calculated in the 0.3-10Hz frequency range.
During the experiment, ambient noise was characterized by large variations of amplitude and spectral content. (Julian date 252). It is representative of the usual daily cycle of activities close to station OR. Every morning starting from 3:00am GMT we note an increase in amplitude that lasts up to 12:00pm GMT. This disturbance 4 affects, in different ways, all the stations we considered, and all the stations of the array installed on the Cavola landslide as well. It was expected to be related to some industrial activity.
Applying the frequency-wave number analysis (f-k) (Capon et al., 1967) to the array data, we were able to derive the direction of the disturbance source ( Figure 2 ) and its apparent velocity. The backazimuth at the array (320°) points from station OR. Therefore, we looked for possible sources close to station OR and we found that a ceramic factory operates in the vicinity of the station. Its activity correlates very well with daily and seasonal variations on our recorded time series; the engines of the factory switch on and off at 3:00am and 12:00pm, respectively, and the activity is strongly reduced during weekends and August. Spectra (Figure 2 , also compare with Figure 6 ) of the signal comparing calm (hereinafter Cp) and disturbed periods (hereinafter Dp) indicate that the factory activity strongly affects the three components of ground motions in a broad frequency range (above 1 Hz). In particular, the vertical spectra exhibit two peaks at 3 Hz and 5 Hz, which are likely the main frequencies generated by the engines of the factory. If we focus on a working day (e.g. Julian day 252) and move from station OR to the array (stations G2 and P3), the RMS values decrease. This confirms the role of the ceramic factory close to station OR as the main anthropic noise source of Cavola area. However, even in August or during night-time, the array area generally has a lower background level of noise. This is consistent with the location of the array, which is far enough from the main streets and the houses of the village.
Later on we will discuss differences between horizontal and vertical components of the ground motion.
The RMS functions of Figure 3 are a useful tool to represent signal amplitude variations for a specific frequency band (1-5Hz). Considering a wider frequency range (0.3-10 Hz), we can examine how variations in Fourier spectra of the three components affect HVNSR. Figure 4 shows the daily average HVNSR amplitudes for stations OR, CA, SC, G2, and P3. In the right-hand side of Figure 4 , daily HVNSRs are shown for each station. The weekly cycle is clearly evident also in the color plots of HVNSR, especially after August. During the summer holiday as well as during weekends, the HVNSR values are quite low and the recognition of clear peaks is difficult. In particular, moving from Dp to Cp, stations CA and G2 respectively show a flattening of the HVNSR curves and a shift in frequency of the main peak (from 3.9 Hz to 3.5 Hz). For all stations the maximum difference in HVNSR level between Cp and Dp is up a factor of 2. However, the actual extent of this variation is given by the comparison with the absolute level of HVNSR; outside the array and at station P3, the average HVNSR level is low, a factor of 2-3, whereas for station G2 there is a pronounced frequency peak with an amplitude of 4.5, possibly indicating a resonance effect of the landslide sediments. For the G2 case, a variation by a factor of 2 (from 4.5 to 2.2 in the very calm periods) and the flattening of the HVNSR curve could lead to a wrong estimate of the resonance effect occurring at that site.
The variation of HVNSR amplitude between Cp and Dp can be better investigated by restricting the analysis over shorter time windows (e.g., 1 hour). As pointed out by the SESAME Project (SESAME Project, Deliverable D23. 12, 2005) , records of 60 minutes allow the investigation of a broad range of resonant frequencies of interest for engineering purposes. For each day we selected two 1-hour windows, the first just before the switching on of the factory (at 1:00am), the second during the factory operations (at 5:00am). Then we redrew the color plots using only these selected HVNSRs. Figure 4 ). The frequency peak depicted through the average HVNSR is 3.5Hz and the corresponding amplitude value is about 3. The stability of the result allows us to relate the clear peak in HVNSR to the site resonance frequency. In contrast, during Dp a clear deviation from the regular trend is visible, except for the weekends when the noise level becomes the same as the calm hours. The frequency peak is shifted to 3.9Hz and the corresponding amplitude value is about 4.5, reaching up to 7 on the most disturbed days.
To understand the observations we looked at the spectra of horizontal and vertical components for both calm and disturbed hours. Figure 6 (left-hand side panels) shows, for the 5 considered stations, the average of the hourly Fourier spectra. It is clear that during Dp the spectra of horizontal and vertical components for the closest stations to the factory (OR, CA and SC) are quite similar in amplitude for frequency above 1.5Hz and up to 10Hz. The frequency of 1.5Hz corresponds to the deflection point between Dp and Cp spectra. Moreover, the vertical component at sites OR and CA exhibits two clear peaks at 3Hz and 5Hz (for station OR this latter bump extends up to 7Hz), whereas the vertical component at site SC has a unique peak at 4.5Hz.
Moving away from the factory noise source (stations G2 and P3), the Dp motion concentrates in the horizontal components, suggesting that attenuation and phase conversion could play an important role. In particular, station G2 shows a clear peak centered between 3 and 4 Hz in the horizontal spectrum. The shape of the vertical spectrum is generally flat, considerably lower in amplitude than the horizontal spectra and with a trough at 3.9Hz. Similar to the other stations, Dp spectra depart from Cp ones around 1.5Hz. For station P3 the deflection between Dp and Cp is consistent with the other stations. In this case horizontal and vertical spectra for Dp show a similar shape but the vertical spectra remain well below the horizontal ones.
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The right panels of Figure 6 show how these variations in horizontal and vertical spectra affect HVNSR. The shape of HVNSRs during Dp mostly reflect the variations of the vertical component spectra more than the horizontal ones. HVNSR of stations OR and CA shows two minima coinciding with two peaks in the vertical spectra at 3 and 5 Hz. The peak at 1.5Hz, which is likely the resonance frequency of these sites, increases in amplitude by more than 60% compared to HVNSR derived from Cp data. Moreover, a spurious peak at 4Hz is created.
For station SC, the main difference between the Cp and Dp HVNSR is the trough at 4.5Hz (58% variation in amplitude).
For station G2 the resonance peak is very emphasized (60% variation in amplitude and absolute value of 4) but at the same time there is a shift in frequency, from 3.5 to 3.9Hz, due to the trough of the vertical component at 3.9Hz. Even though the difference in peak frequency between Dp and Cp is not large (about 11%), it deserves further discussion and interpretation.
Finally for station P3, the average level of HVNSR considerably increases in comparison to Cp (70% variation) for frequencies greater than 2Hz. All the same, HVNSR values are always below 2 and the absence of peaks confirms that this site does not show any resonance effect.
Discussion
Although the debate on the theoretical basis of the HVNSR technique is continuing, the method is widely used for microzonation and site response studies (Mucciarelli and Gallipoli, 2001 ). Because of the shortness of the noise recording (usually in the range 5 to 60 minutes), time variations of the signal and consequently of HVNSR are not very often investigated and discussed (Bour et al., 1998; Mucciarelli et al., 2003) . The most accepted assumption is that HVNSR is reasonably stable with time. In our study case (Figures 4, 5 and 6), HVNSR results are strongly dependent on the anthropic noise sources close to the investigated area.
Consequently, the stability of HVNSR over time could not be guaranteed.
Anthropic noise sources in the Cavola area, mainly the ceramic factory, can operate over long time periods (more than twenty hours). Occasionally, short disturbances (of the order of one hour) occur both during Cp and Dp. They likely originate from agricultural machines operating or animals walking close to our stations. A similar behaviour has to be expected in other situations such as in urban areas, where pedestrians or cars can generate high-amplitude noise transients even for hours. In our case these short disturbances produce few HVNSR curves that significantly differ from the hourly means ( Figure 5 ). Even so, the interpretation of HVNSR results could be misleading, as we have found when the ceramic factory was operating. Therefore, serious control of the experimental conditions during the recording is a very important step to consider. The common practice to record short and uncontrolled time intervals of ambient noise should be avoided (see also SESAME Project, Deliverable D23. 12, 2005) . On the contrary, increasing the duration of the recording and/or repeating the measurement several times during the day is a practice we recommend. However, this increases the 7 costs and thus reduces one of the advantages of the HVNSR technique. A good compromise could be to have at least two records, one during day time, the second during night time.
Even following good recommendations in field practice, the effect of anthropic sources operating for long time periods could not always be known at the time of the experiment. Figures 5 and 6 demonstrate that doing measurements during Dp definitely does not lead to the same results obtained during Cp. HVNSR peak values can increase by up to 70% of the HVNSR amplitude calculated during the calm time periods (Figure 6 ). The instability in HVNSR amplitude is a further observation posing serious doubts about the use of this parameter to evaluate the absolute value of seismic amplification. This agrees with the conclusion by several authors that HVNSR amplitude is not a reliable indicator of amplification effects occurring at a site during earthquakes WP04 of SESAME Project, Deliverable D16.04, 2004 ; see also Lachet et al., 1996; Seo, 1998; Satoh et al., 2001) . Recent studies suggest the difference in amplitude as due to the noise wave-field composition, in particular pointing out the importance of Love waves (Konno and Ohmachi, 1998; Arai and Tokimatsu, 2000; Bonnefoy-Claudet et al., 2008) .
In contrast to the HVNSR amplitude, the frequency of the main peaks depicted through HVNSRs is believed to be a reliable estimate of the resonance frequency of a site (see among others Bard, 1998; Konno and Ohmachi, 1998; Parolai et al., 2004; Bonnefoy-Claudet et al., 2006) . This assumption seems most valid in the case of simple geological settings, such as a soft sedimentary layer over a stiff bedrock. Many authors have observed that often the noise wave-field mostly consists of Rayleigh waves. Therefore, HVSNR peaks can be explained in terms of ellipticity of Rayleigh waves (Tokimatsu et al., 1998; Fäh et al., 2001; Malischewsky and Sherbaum, 2004) . In this case the agreement between HVNSR (and ellipticity) and the 1D transfer function for vertical travelling S-waves is controlled by the impedance contrast (Bard, 1998; Konno and Ohmachi, 1998; BonnefoyClaudet, 2004; Bonnefoy-Claudet et al., 2008) : for high impedance contrast (Zc>4) the HVNSR frequency peak fits very well the fundamental resonance frequency as well as the ellipticity frequency peak. When the impedance contrast is moderate (3<Zc<4) the ellipticity curve of the fundamental mode of Rayleigh wave exhibits a peak at a frequency different from the resonance frequency.
We believe that the noise wave-field composition and the moderate impedance contrast under the array can be a possible key to understanding the frequency shift found at station G2 during Cp and Dp. The main sources operating during Cp are local and randomly distributed with respect to the array area. They are likely related to automobile traffic and farming activity. The distance between these sources and the station G2 is quite small, ranging from 10m up to 200m. Due to the short travel time, body wave attenuation cannot be very strong and the noise wave-field results as a mix of body and surface waves. On the contrary, during Dp the ceramic factory acts as a persistent and predominant noise source. The distance between station G2 and the ceramic factory is about 800m. Such a source, located on the landslide body, locally generates strong vertical pulses (related to the motion of the machines used in the factory such as presses) that travel towards the array area. These conditions 8 are favourable to the generation of Rayleigh waves; after a few hundred meters body waves attenuate and convert mainly into surface (Rayleigh) waves that become the strongest component of the noise wave-field.
A support for this hypothesis is the comparison between particle motions of 100s-time windows recorded at sites OR, E2, G2 and I2 during Dp and Cp (Figure 7) , respectively. For OR station the horizontal motion in Dp is polarized in the 340° direction that roughly corresponds to the ceramic factory. In this case the vertical component of motion is also very important as shown in columns c) and d) of Figure 7 . For Cp the horizontal polarization is less evident and the contribution of the vertical component is still important. Figure 7 also shows that the particle motion at the array stations (E2, G2 and I2) for Dp is basically horizontal, quite stable and oriented between 300°-330° for the three stations. This direction agrees quite well with the azimuth of the ceramic factory. For Cp, amplitudes are lower than for Dp and particle motions are still mainly horizontal but with a variable predominant backazimuth among the three stations. This observation can be attributed to the absence of a predominant source exciting the array.
To further support our hypothesis of wave-field composition, we evaluated polarization of ambient noise using the covariance matrix approach (Jurkevics, 1988) . This method estimates an instantaneous polarization as the angle between the projection on the horizontal plane of the largest eigenvector and geographic north, measured clockwise. We adopted the procedure implemented by La Rocca et al. (2004) , and applied to seismic noise in volcanic areas by Rigano et al. (2008) and Di . In this approach, 3-component recordings are bandpass filtered (we used the frequency band 2-5 Hz). Then we computed the covariance matrix, eigenvalues and eigenvectors using a 2-s moving window with 10% overlap, with the basic assumption that each window shows only one defined (or null) polarization. The running window is moved throughout half-hour long noise records. The polarization distribution at each site is represented through a rose diagram computed at bins of 10° (Figure 8 ). Bins that differ by 180° are cumulated together as having the same polarization direction, their separation being a mathematical artefact with no physical meaning. To theoretically validate our interpretation we calculated both 1D transfer function for vertical propagating SH-waves and the ellipticity function for Rayleigh waves. We used a velocity model based on down-hole measurements performed during the experiment (Bordoni et al., 2007) . It is a two-layer model with a very thin weathered layer (2.6m) superimposed on the landslide body. Landslide bottom was fixed at 25m according to the borehole data. Impedance contrast between landslide body and basement is 2.5. The down hole velocity profile was also confirmed by MASW measurements with up to 72-channel deployment using active sources (Bordoni et al., 2007) . The dispersion curves obtained in two different locations in the landslide show velocity values higher than 700 m/s for frequencies of 3.5-3.8 Hz. These values are consistent within their uncertainties, with the apparent velocity derived during Dp using the (f-k) approach. The experimental dispersion curves were well reproduced by using the Rayleigh fundamental mode. Based on these findings we decided to model the ellipticity function for the Rayleigh wave fundamental mode. Figure 7 also suggests that the contribution of Love waves, if any, is not significant as ground motion is strongly polarized in the radial plane.
The simulation results are shown in Figure 9 where the frequency shift between the two approaches is quite evident. The figure also shows that the HVNSR frequency peak during Cp agrees with the 1D resonance frequency, while the HVNSR frequency peak during Dp matches the ellipticity peak. The mismatch in amplitude between HVNSR peak during Dp and ellipticity peak confirms that HVNSR amplitude can be misleading, and can be partially explained taking into account the 1D approximation used in the modeling. In particular, the propagation of Rayleigh waves for Dp is likely to have been significantly complicated by the thickness variation (from 25 m to more than 60 m) along the source-station path.
Conclusions
In this study, we have used three-month long continuous microtremor recordings to investigate time variations in HVNSR. It is commonly assumed that this parameter is not significantly affected by time noise variations (Mucciarelli et al., 2003; Guillier et al., 2007) , although adverse meteorological conditions were found to be responsible for disturbances to the HVNSR behaviour (Cara et al., 2003) . Although the effects of localized sources are easily detectable when the excitation is nearly harmonic, we have found a study case where a broader band excitation due to industrial activity modifies the wavefield composition, affecting the HVNSR both in amplitude and in frequency. We were able to localize this source with the benefit of a 2D array, and study its effect on HVNSR. The results indicate that the spectral peak of HVNSR varies in amplitude and frequency for the different sources, posing a warning about stability. Ground motion polarization varies as well. When coherent wave-trains generated by industrial machinery propagate, the wave-field is mostly composed of directional Rayleigh waves. This is confirmed by the observed ellipticity. In contrast, when the noise wave-field is composed of weaker sources from all azimuths, the frequency peak in the HVNSR is reproduced by the SH transfer function for the site. Although the discrepancy in the peak frequency is modest in our case (no more than 15%) and could be less for sites with a stronger impedance contrast, a bias on HVNSR frequency peak and polarization adds to uncertainties in the resonant frequency.
Data and resources
Data used in this study were collected as part of the Cavola experiment using NERK SEIS-UK instruments. Amplitude plots of the daily HVNSR average for the five stations considered in this study. In the righthand panels the daily HVNSR averages are displayed for each station. Amplitude plots of the hourly HVNSR averages (as representative of a day) for station G2: (top) using only a 1-hour time window not affected by the strong noise sources (Cp), and (bottom) using only a 1-hour window affected by the strong noise sources (Dp). In the right-hand panels the hourly averages for both Cp and Dp and the means of these curves (red lines) are shown. Note different amplitude scales for Cp and Dp data. Comparison between HVNSRs calculated for Dp and Cp, SH transfer function in a 1D approximation, and the Rayleigh-wave fundamental-mode ellipticity curve calculated using the down-hole velocity model (shown on the right-hand panel).
